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Abstract We conducted this study to determine whether
the methylation status of the O°-methylguanine-DNA
methyltransferase (MGMT) promoter was a prognostic
marker for positive outcomes of gamma knife radiosurgery
(GKS) for recurrent glioblastoma (GBM). We retrospec-
tively examined 61 patients, who underwent GKS for local
recurrent GBM between 2004 and 2015; in all patients, the
methylation status of the MGMT promoter was identified
via methylation-specific quantitative real-time polymerase
chain reaction. All patients underwent surgical resection
and were diagnosed histopathologically with GBM. Prog-
nostic factors associated with progression-free survival
(PFS) and overall survival (OS) were identified in uni-
variate and multivariate analyses. Twenty-five (41%) had a
methylated MGMT promoter, and 36 (59%) had an unmeth-
ylated MGMT promoter. The median age at GKS was 58
years. The median tumor volume at GKS was 7.0 cm?, and
the median marginal dose was 16 Gy. The median follow-
up period after GKS was 7.5 months. The median PFS time
after GKS was 8.9 months (95% CI 4.3-13.5 months) in
the methylated and 4.6 months (95% CI 3.7-5.5 months) in
the unmethylated group (P=0.016). The median OS time
after GKS was 14.0 months (95% CI 9.3-18.7 months) in
the methylated group and 9.0 months (95% CI 6.5-11.5
months) in the unmethylated group (P=0.026). Methyla-
tion of the MGMT promoter correlated with better PES and
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OS after GKS for recurrent GBM. Prospective comparative
studies are required to determine whether MGMT methyla-
tion directly affects the efficiency of GKS.
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Introduction

Glioblastoma (GBM) is the most common primary malig-
nant brain tumor in adults. Its prognosis is dismal, with a
median survival of 12-15 months. The standard of care
for patients with newly diagnosed GBM was established in
2005 after a phase III trial by the European Organization
for the Research and Treatment of Cancer/National Can-
cer Institute of Canada Clinical Trials Group [1]. Although
there is no standard therapy for recurrence, several studies
recommend gamma knife radiosurgery (GKS) for surgi-
cally inaccessible or small recurrent GBMs, despite limita-
tions such as a narrow therapeutic window between tumor
control and radiation necrosis [2-5].

Hegi et al. analyzed prognosis according to the methyla-
tion status of the O®-methylguanine-DNA methyltransferase
(MGMT) promoter in patients with GBMs who received
the alkylating agent temozolomide (TMZ) plus radiother-
apy or radiotherapy alone [6]. Their results showed a sig-
nificant association between methylated MGMT promoter
and better prognosis in the radiotherapy plus TMZ group,
as well as a trend toward improved overall survival and
progression-free survival in the radiotherapy alone group.
In the study by Rivera et al. [7], the methylation status of
the MGMT promoter predicted response to radiotherapy in
the absence of adjuvant alkylating agents in patients with
newly diagnosed GBM. Moreover, Metellus et al. found
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that MGMT promoter methylation was an important pre-
dictive factor in patients with recurrent GBM who received
surgery and chemotherapy [8].

Currently, no studies have reported the outcomes of
GKS according to MGMT promoter methylation sta-
tus. The purpose of this study was to investigate whether
MGMT promoter methylation was a prognostic biomarker
in patients who received GKS for recurrent GBM.

Methods
Patient population

Our study consisted of 61 patients who underwent GKS for
local recurrent GBM between 2004 and 2015. All GBMs
showed progression on serial imaging after concurrent
chemoradiotherapy (CCRT). All patients had information
on the methylation status of the MGMT promoter, as deter-
mined via methylation-specific polymerase chain reaction
(PCR). Institutional Review Board of our hospital approved
this study.

Treatment protocols

All patients underwent maximal surgical resection within
feasible limits and were histopathologically diagnosed as
GBM. The extent of resection was determined via gado-
linium-enhanced brain magnetic resonance imaging (MRI)
performed within 48 h after surgery and was classified as
gross total resection (GTR), subtotal resection (STR), par-
tial resection (PR), or biopsy (Bx). GTR was defined as
>99% removal of the initial tumor, STR as 50-99%, and
PR as <50%. Patients received CCRT with TMZ within 6
weeks after pathological confirmation of GBM. CCRT con-
sisted of continuous delivery of 75 mg/m*> TMZ per day for
6 weeks combined with a total 50-60 Gy (2 Gy 5 days per
week for 6 weeks), followed by six cycles of adjuvant TMZ
(150-200 mg/m? for 5 days every 28 days).

MRI was performed before the first cycle and after every
two or three cycles of adjuvant TMZ. Radiologic outcomes
were defined according to the Response Assessment in
Neuro-Oncology criteria. All patients received GKS as a
salvage treatment at the time of first progression. Follow-up
MRI after GKS for recurrent GBM was conducted every 3
months or whenever neurological changes suggested tumor
progression or treatment complications.

Quantitative real-time (qRT) methylation-specific PCR
for MGMT promoter methylation

We removed the largest amount of tumor possible during
surgery. Formalin-fixed, paraffin-embedded (FFPE) GBM
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samples were stained with hematoxylin-eosin to estimate
tumor cell content (at least 85%) and to exclude necrotic
area and non-neoplastic tissues. For DNA extraction,
5-um-thick tissue sections from all paraffin blocks were
homogenized, deparaffinized and dehydrated.

MGMT promoter methylation was analyzed via methyl-
ation-specific PCR using the PRISM 7900HT FAST Real-
time PCR system (Applied Biosystems, Foster City, CA,
USA) and HotStart-IT SYBR Green qPCR Master Mix
(USB, Cleveland, OH, USA). The PCR protocol was as fol-
lows: preheating at 50 °C for 2 min, 95 °C for 10 min, fol-
lowed by 40 cycles at 95°C for 15 s and 60°C for 1 min.
p-actin gene (ACTB) was used to control for methylation-
independent reactions. For relative quantification, the
amount of methylated DNA (percentage of methylated
reference, PMR) in the MGMT promoter region was nor-
malized to the methylation value of the calibrator, which
was defined as 100%. Universal methylated DNA (Qiagen,
Hilden, Germany) was used as the calibrator. The PMR was
defined as 100x2 [sample ACTB (ct)—sample MGMT
(ct)]/2[calibrator ACTB (ct) — calibrator MGMT (ct)]. A
methylation level >3 was considered methylated and <3
was considered unmethylated.

GKS procedure

All patients were initially placed in a type G Leksell stereo-
tactic frame under local anesthesia, followed by contrast-
enhanced MRI for dose planning. Images were transferred
to Leksell Gamma Knife planning stations (Elekta Instru-
ments, Crawley, United Kingdom), and dose planning was
performed using GammaPlan software, versions 5.31, 5.32,
5.34, and 9.0. A contrast-enhanced lesion was delineated as
a target with no margins added.

A staff physician and a physicist were involved in treat-
ment planning and target volume determinations for all
patients. The same physician measured the tumor volume
in all cases as part of the routine GKS procedure, and a
second reader, who was blinded to the patients included in
this study, checked the tumor volume again; differences in
tumor volumes between the two readers were not signifi-
cant. The treated median tumor volume was 7.0 cm® (range
0.033-35.1 cm?). Tumor volume was determined by con-
sensus between two observers (B.S.K. and J.-I.L), and the
intraclass correlation coefficient (ICC) was used to deter-
mine interobserver agreement for the reliability of the
tumor volume measurement (ICC =0.993).

The median marginal dose delivered was 16 Gy
(range 9-25 Gy). Irradiation was performed using a Lek-
sell Gamma Knife type B, C, or Perfexion system. Each
patient received a 10-mg loading dose of dexamethasone
in the morning on the day of GKS followed by 5 mg after
completion.
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Statistical analysis

Progression-free survival (PFS) was measured from the
date of the first GKS to documented disease progression
or the date of the last follow-up. Overall survival (OS) was
measured from the date of the first GKS to death or the date
of the last follow-up. Patients alive at the time of analysis
or lost to follow-up were included as censored observa-
tions. OS and PFS were the endpoints of the analysis, and
prognostic and outcome variables associated with OS and
PFS [age at first GKS, pre-GKS Karnofsky performance
scale (KPS) score, MGMT promoter methylation status,
preplanning tumor volume, marginal dose for GKS, and
combination of GKS and TMZ] were examined via univari-
ate and multivariate analyses. OS and PFS were calculated
using the Kaplan—-Meier method (SPSS software, version
23.0; IBM Corp., Armonk, NY). Differences between the
survival curves were evaluated by using the log-rank test.
A Cox proportional hazards model was used for multivari-
ate comparisons of median OS and PFES values. Differences
between groups were considered statistically significant at
P<0.05.

Results

Patients’ characteristics and overall outcomes
after GKS

The patients’ characteristics are shown in Table 1. Of the
61 included patients, 34 (55.7%) were men and 27 (44.3%)
were women, with a median age at first GKS of 58 years
(range 27-79). The median pre-GKS KPS score was 80
(range 40-90). Fifty-three (86.9%) patients had a pre-GKS
KPS score >70, including 24 of 25 (96%) in the methylated
group and 29 of 36 (80.5%) in the unmethylated group. One
(4%) patient in the methylated group and seven (19.5%)
patients in the unmethylated group had KPS scores <70.
One patient in the methylated group had a KPS score of 40.
In the unmethylated group, one patient had a KPS score of
50, and six patients had a KPS score of 60.

All patients underwent surgery, and GBM was his-
topathologically confirmed. After surgery, GTR was
achieved in 32 (52.5%) patients, STR in 24 (39.3%), and
Bx in 5 (8.2%). Fifty-eight (95.1%) patients received CCRT
with TMZ after resection or biopsy; the median dose for

Table 1 Patients’
characteristics

Variables

Methylated (n=25)

Unmethylated (n=36) Total (n=61)

Age
Median (range, years)
Gender
Male
Female
KPS
<70
70-80
90-100
Resection status
GTR
STR
Bx alone
CCRT
Yes
No
Adjuvant TMZ
Yes
No
Cycles of adjuvant TMZ
Median (range)
Time from first operation to GKS
Median (range, months)
Follow-up after GKS

Median (range, months)

11.4 (2.3-35.0)

7.5 (0.1-36.0)

61 (27-72) 56 (27-79) 58 (27-79)
14 (56.0%) 20 (55.6%) 34 (55.7%)
11 (44.0%) 16 (44.4%) 27 (44.3%)
1 (4.0%) 7 (19.5%) 8 (13.1%)
14 (56.0%) 16 (44.4%) 30 (49.2%)
10 (40.0%) 13 (36.1%) 23 (37.7%)
14 (56.0%) 18 (50.0%) 32 (52.5%)
10 (40.0%) 14 (38.9%) 24 (39.3%)
1 (4.0%) 4(11.1%) 5(8.2%)
24 (96.0%) 34 (94.4%) 58 (95.1%)
1 (4.0%) 2 (5.6%) 3 (4.9%)
22 (88.0%) 32 (88.9%) 54 (88.5%)
3 (12.0%) 4(11.1%) 7 (11.5%)
6 (1-6) 6 (1-6) 6 (1-6)

9.1 (1.7-101.5) 9.8 (1.7-101.5)

7.4(0.3-23.4) 7.5 (0.1-36.0)

KPS Karnofsky performance scale, GTR gross total resection, STR subtotal resection, Bx biopsy, CCRT
concurrent chemoradiotherapy with temozolomide, TMZ temozolomide

@ Springer



618

J Neurooncol (2017) 133:615-622

radiotherapy was 60 Gy (range 54-61.5 Gy), delivered in
conventional fractions of 2 Gy per day. After CCRT, 54 of
the 58 (93.1%) patients received one to six cycles of TMZ
(median, six).

At the second recurrence after GKS, patients received
repeat GKS (40 patients, 65.6%), repeat GKS plus TMZ
(20 patients, 32.8%), or repeat GKS plus irinotecan/beva-
cizumab (1 patient, 1.6%). TMZ chemotherapy was either
metronomic (13 patients, 65%) or conventional. Three
(15.0%) of the 20 patients who received both GKS and
TMZ underwent a second operation. The radiation doses
used in GKS are shown in Table 2.

Among all patients, 25 (41.0%) had a methylated
MGMT promoter and 36 (59.0%) had an unmethylated
MGMT promoter. The median follow-up time after ini-
tial diagnosis was 18.5 months (range 2.3—110.6 months),
and the median follow-up time after GKS was 7.5 months
(range 0.1-36.0 months). The median time from ini-
tial diagnosis to GKS was 9.8 months (range 1.7-101.5
months). At the time of analysis, 15 (24.6%) patients were
alive. The median OS was 22.1 months (range 18.8-25.4
months) after initial diagnosis, and 11 months (95% CI
8.4-13.6 months) after GKS. At the 6-month, 1-year, and
2-year follow-up after GKS, the OS rates were 78.5, 43.7,
and 13.7%, respectively. The median PFS time after GKS
was 5 months (95% CI 3.8-6.2 months), and the 6-month
and 1-year PFS rates were 38.4 and 16.7%, respectively.

Univariate and multivariate analyses for progression
and survival

The following factors were included in the univariate and
multivariate analyses: age (<50 years vs. >50 years), KPS
(<70 vs. 70-80 vs. 90-100), MGMT methylation status
(methylated vs. unmethylated), preplanning tumor volume
according to MGMT methylation status (<7 cm®/unmeth-
ylated vs. >7 cm’/unmethylated vs. <7 cm?/methylated vs.
>7 cm’/methylated), marginal dose at GKS (>16 Gy vs.
<16 Gy), and combination of TMZ at GKS (yes or no).
MGMT methylation status was the strongest predictor of
PFS (P=0.016) and OS (P =0.026) in the univariate analy-
sis. However, in the multivariate analysis, MGMT methyla-
tion status significantly correlated with OS only (P=0.03).
Preplanning tumor volume significantly correlated

with PFS in the univariate (P=0.008) and multivariate
(P=0.005) analyses regardless of methylation status. There
was a significant association between KPS score at the time
of GKS and OS in the univariate analysis (P=0.049), and
between marginal dose and PFS in the multivariate analy-
sis. The PFS and OS values did not significantly differ-
ent between GKS alone (P=0.583) and GKS plus TMZ
(P=0.159).

Impact of MGMT promoter methylation on PFS
and OS after GKS

The time to progression after GKS was longer when the
MGMT promoter was methylated (Fig. 1). The median
PFS time was 8.9 months (95% CI 4.3-13.5 months) for
the methylated promoter and 4.6 months (95% CI 3.7-5.5
months) for the unmethylated promoter (P=0.016). Meth-
ylated MGMT promoter was also associated with better OS
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Fig. 1 Kaplan—Meier curve showing progression-free survival (PES)
after gamma knife radiosurgery according to O%-methylguanine-DNA
methyltransferase (MGMT) promoter methylation status. Patients
with a methylated MGMT promoter had a longer PFS time than those
with an unmethylated MGMT promoter (8.9 vs. 4.6 months)

Table 2 Radiation dose of Radiosurgery dose

Methylated (n=25)

Unmethylated (n=36) Total (n=61)

gamma knife radiosurgery at

recurrence Tumor volume
Median (range, cm’)

Marginal dose

Median (range, Gy)

4.2 (0.033-15)

16 (13-25)

9.35(1.343-35.1) 7.0 (0.033-35.1)

16 (9-25) 16 (9-25)

Gy grays
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(Fig. 2). The median OS time was 14.0 months (95% CI
9.3-18.7 months) for the methylated MGMT promoter and
9.0 months (95% CI 6.5-11.5 months) for the unmethylated
promoter (P=0.026). In the methylated group, the actu-
arial 6-month and 1-year OS rates were 79.4 and 51.3%,
respectively; in the unmethylated group, they were 75.0
and 34.8%, respectively. The actuarial 1-year OS rate was
higher when the MGMT promoter was methylated versus
unmethylated (51.3 vs. 34.8%). Post-progression thera-
pies at recurrence or progression after GKS are shown in
Table 3.
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Fig. 2 Kaplan—-Meier curve showing overall survival (OS) after
gamma knife radiosurgery according to O°-methylguanine-DNA
methyltransferase (MGMT) promoter methylation status. Patients
with a methylated MGMT promoter had a longer OS time than those
with an unmethylated MGMT promoter (14 vs. 9 months)

Treatment-related complications

Adverse effects of GKS included radiation necrosis, acute
radiation effect (ARE), and intracranial hemorrhage (ICH)
with intraventricular hemorrhage (IVH). Radiation necrosis
induced by GKS was observed in 5 (8.2%) of 61 patients.
Based on the results of a follow-up MRI, 3 of 5 patients
with suspected radiation-induced necrosis underwent surgi-
cal resection, after which necrosis was confirmed histologi-
cally. ARE and ICH with IVH was observed in 1 patient
with a methylated MGMT promoter. Radiation necrosis
was found in 1 patient with methylated MGMT promoter
and 4 patients with an unmethylated MGMT promoter.
Repeat follow-up MRI, magnetic resonance spectroscopy,
or positron emission tomography were used to differentiate
tumor recurrence and radiation necrosis. No other National
Cancer Institute Common Toxicity Criteria grade 3 or 4
toxicities were observed.

Discussion

Despite advances in various treatment modalities, no cur-
rent standard treatment for recurrent GBM exists. Stereo-
tactic radiosurgery (SRS), which includes GKS, has been
used as an alternative for surgery in a variety of intracranial
tumors cases. However, whether SRS provides a survival
benefit for patients with recurrent GBM is controversial.
This study shows a strong association between MGMT pro-
moter methylation and better PFS and OS after GKS for
recurrent GBM.

Several studies report that SRS effectively treats recur-
rent GBM [2, 9, 10], conferring survival benefits after per-
formance of Stupp’s protocol, either alone or in combina-
tion with chemotherapy [2, 11-20]. Based on an analysis
of 187 patients with recurrent GBM who underwent SRS
at a median marginal dose of 16 Gy, Imber et al. con-
cluded that GKS benefits patients with local recurrence,

Table 3 Post-progression
therapy after gamma knife

Methylated (n=25)

Unmethylated (n=36) Total (n=61)

radiosurgery (GKS) No. of patients who pro- 18 (72.0%) 29 (80.6%) 47 (77.0%)

gressed after GKS

No. of patients who 13 (72.2%) 15 (51.7%) 28 (59.6%)
received postprogression
therapy
Reoperation 1(7.7%) 3(20.0%) 4 (14.3%)
Chemotherapy* 9 (69.2%) 14 (93.3%) 23 (82.1%)
Radiation therapy - 1(6.7%) 1(3.6%)
Re-GKS 5 (38.5%) - 5(17.9%)

No number

*Chemotherapy; Low-dose temozolomide, irinotecan/bevacizumab, temozolomide rechallenge therapy,
procarbazine/CCNU/vincristine chemotherapy
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especially younger patients with a tumor volume <5 cm?
[21]. Other studies also attest to the efficacy of GKS for
recurrent GBM. Studies have also reported that GKS might
be effective in selected patients with recurrent GBM [3, 5,
9, 22-28]. However, this conclusion is limited by selection
bias owing to the retrospective design of the studies. Hence,
a randomized clinical trial is needed to determine whether
salvage GKS truly prolongs OS and PFS in patients with
recurrent GBM. The only relevant published trial thus far is
the Radiation Therapy Oncology Group 93-05 study [10],
which examined the usefulness of an upfront SRS boost to
conventional radiotherapy and carmustine chemotherapy
for newly diagnosed GBM; it did not, however, demonstrate
a survival benefit. A study performed at our institute [3]
suggests that SRS is effective when used as a salvage treat-
ment for recurrent GBM, despite the limitations of a com-
parison study with a historic control group. The median OS
after SRS was 13 months (95% CI 10.6-16.0 months), and
the median PFS was 4.6 months (95% CI 4.0-5.2 months),
both of which are comparable to the outcomes in this study.

Several studies suggest that the methylation status of
the MGMT promoter can predict the response to TMZ in
patients with newly diagnosed GBM. However, few stud-
ies have assessed MGMT promoter methylation in patients
with recurrent (compared with primary) GBM [6, 29,
30]. Felsberg et al. used methylation-specific PCR to ana-
lyze paired samples of primary and recurrent GBM in 80
patients who underwent radiotherapy and TMZ chemo-
therapy after their first surgery [31]. They found that the
MGMT methylation status of 90% of the recurrent samples
was similar to that of the primary samples. In paired analy-
ses of 64 patients treated with radiotherapy plus TMZ, the
MGMT methylation status was retained in 89.1% of recur-
rent tumor samples and was a prognostic factor for salvage
chemotherapy with alkylating agents.

Using methylation-specific qRT PCR, Rivera et al.
examined MGMT promoter methylation levels in tumor
samples from 225 patients with newly diagnosed GBM
prior to treatment [7]. All patients underwent external beam
radiation therapy, but 172 did not undergo adjuvant chemo-
therapy until after the first tumor recurrence. The median
PFS times were 31 and 15 weeks in the methylated and
unmethylated promoter group (P=0.009) and the median
OS times were 63 and 51 weeks (P=0.019), respectively.
The authors concluded that MGMT promoter methylation
was an independent prognostic factor for progression and
survival and suggested that it might also predict the radia-
tion response. In contrast, Criniere et al. found that MGMT
promoter methylation did not correlate with survival in
85 patients with GBMs treated via radiotherapy without
adjuvant chemotherapy: median OS times were 15.1 and
10.2 months in the methylated and unmethylated groups,
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respectively (P=0.407) [32]. However, in that study, meth-
ylation was assessed by two-stage PCR.

Our results show a nearly twofold delay in tumor pro-
gression when the MGMT promoter is methylated vs.
unmethylated (8.9 vs. 4.6 months, P=0.016). MGMT
promoter methylation also conferred a survival benefit:
the median OS time was 14 months when the promoter
methylation was methylated vs. 9 months when it was not
(P=0.026). MGMT promoter methylation was also an
independent prognostic factor for progression and survival
after GKS for recurrent GBM.

There are several limitations to this study. First, it was
retrospective study and did not include a randomized con-
trol group; hence, selection bias is possible. Second, the
sample size was insufficient for analysis of multiple prog-
nostic factors. Third, treatment and assessment were not
performed in accordance with a strictly standardized pro-
tocol. For example, the treatments after GKS were diverse,
which may have confounded the analysis. Finally, we did
not completely compensate for tumor heterogeneity. A
recent study identified transcriptional intratumoral het-
erogeneity in 40% of GBMs, with variable MGMT meth-
ylation levels in 14% [33]. It is important to take multiple
biopsies from a tumor in order to correctly classify the
patients; however, in practical terms, this is not always
feasible. Alternatively, we removed the largest amount of
tumor possible for assessment of MGMT methylation sta-
tus after homogenization of the sample.

Conclusion

Methylation of the MGMT promoter was associated with
better PFS and OS after GKS for recurrent GBM. Because
this association is correlative rather than causative, pro-
spective comparative studies are needed to determine
whether MGMT methylation directly affects the therapeutic
efficiency of GKS.
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